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One of the most significant materials-related problems in
integrated optics (i.e., LiNb03) technology is the question of
optical damage,' which occurs as a result of photoionization
of defects and/or metal-ion impurities followed by electron
capture at deep traps. The charge separation thus created
(which is anisotropic in ferroelectric crystals such as LiNb0 3)
changes the indices of refraction of the material via the elec-
trooptic effect. The most important impurity is believed to
be Fee +; hence, there is a need for a sensitive, yet simple and
nondestructive, technique to detect iron in LiNb03 based
devices after fabrication.

In this Letter, we describe a preliminary formulation of such
a method, which is but one specific application of a very gen-
eral procedure. The technique is based on laser-induced
fluorescence (LIF) of species ejected from a sample surface
by ion impact. This approach has already been used in nu-
merous studies of laser ablation, 2 sputtering-yield measure-
ment, 3 sputtered-atom velocity distributions (Refs. 4-6 and
works cited), molecule-surface scattering,7 plasma etching,8
and catalysis.9 However, this is the first report of the use of
this technique for elemental analysis of solids. LIF offers the
advantage of detecting neutrals (as well as ions) which are
often the dominant species leaving the surface."0,11 Also the
technique is completely optical; hence, charging of insulating
samples presents no difficulties, and there are no special re-
quirements as to the experimental ambient other than those
dictated by the method of ejecting material from the sur-
face.

A schematic diagram of the apparatus is shown in Fig. 1.
The frequency-doubled output of an excimer-pumped dye
laser provided the UV probe beam at 296.69 nm with an en-
ergy of —1 mJ/pulse, which was attenuated to "'60 µJ/pulse
for these experiments. The experimental chamber is a small
(-0.8- X 0.5- X 0.5-m 3) system constructed from standard
3-way and 6-way crosses with 70-mm (2.75-in.) flanges. The
LIF is detected by an end-on phototube (EMI 9924QB)
mounted just outside a sapphire window. A pair of lenses
inside the chamber collects the fluorescence, and a filter
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Fig. 2. Part of the zero•valent (Fe I) iron energy level diagram (Ref.
12) showing the excitation and emission processes. The wavelengths

X and transition rates A are given in Ref. 13.
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Table I. Parameters Used to Calculate Fluorescence Yield •

Laser power density, IL = 95 kW/cm2; laser linewidth, AXL = 0.005
nm

Laser wavelength, X0 = 296.69 nm; laser pulse width, tL = 20 nsec
Transition rates: A21b 27.2 MHz; A23e = 93.4 MHz; A2id =90.2

MHz
Level 1 degeneracy, g 1 = 9; level 2 degeneracy, g2 = 9
Time during which atom is in sampling volume,e t = 1 Asec
Yield, Y = 0.87 photons/atom/pulse

a Using theory and notation of Wright et a1. 4
b For excitation transition, 1	 2.
e Sum of rates for all sublevels of level 3.
d Rate for actual fluorescing transition.
e Assuming sputtered-atom velocity of 10 6 cm/sec (Ref. 4) and

sampling volume of 1 mm3.
Fig. 1. Schematic diagram of the vacuum system and optical con-
figuration with the dashed line indicating the laser excitation. Inset
shows the sampling geometry with the surface under investigation
lying in the x-z plane. The sample can be rotated about the z axis.

The diagram is not to scale.
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Fig. 3. LIF signals obtained for a Ar+ beam off (showing scattered
light background) and b Ar+ beam hitting Fe foil (3 keV, —600
AA/cm2). Trace c is the difference signal (Ar+ beam on minus Ar+
beam off) for LiNb03 sample at a gain of 512 relative to a and b. The
total sweep width is 60 iAsec. The time constant of the signal decay

is determined by the electronics.

combination between the window and the detector attenuates
scattered laser light. The filters consist of a 0.5-N solution
of SnC12 in HCl (10-mm path length), which exhibits a sharp
cutoff for X < 300 nm, together with a visible-absorbing glass
filter (Corning 7-54). Avoiding the use of a monochromator
permits a very compact and efficient light collection system.
The entrance and exit windows incorporate a single light
baffle in each mounting flange. In general, when the excita-
tion and fluorescence wavelengths are closer, a much more
elaborate set of light baffles will be required. The sample
consisted of a stainless steel plate to one side of which was
glued (with In metal) pieces of LiNb0 3 and Si. A piece of
pure Fe foil was attached to the other side. The LiNb03 was
a polished Y-cut wafer and the Si a (111)-oriented n-type
polished electronic-grade wafer. Both were used as received
from the respective suppliers following ultrasonic cleaning in
isopropanol. All steel parts of the sample holder were masked
with Al foil.

Figure 2 shows the appropriate part of the Fe I (zero-valent
iron) energy level diagram. 12,13 Although there are many
other levels lying between the a 5D ground and y 5F° excited
states, electric dipole radiative decay of y5F° to these states
is forbidden by the angular momentum selection rules gov-
erning optical transitions between Russell-Saunders states.
Table I gives the values used in computing the fluorescence
yield Y (photons emitted/laser pulse/sputtered Fe atom)
following the theory of Wright et al.,4 which depends on the
various laser and atomic parameters. For example, a similar
calculation for the resonant 2S112 2P3/2 transition in Na,
using a much longer pulse width (1 Asec), gave Y = 41, re-
sulting from multiple excitations and de-excitations of each
atom as it passes through the fluorescence sampling volume.
For Fe+ (Fe ii), which could be detected via the (3d 64s)a6D9/2

(3d64p)z 6D°9/2 resonance at X = 260.0 nm, Y = 2.3 for
= 20 nsec, and Y = 12.0 for tL = 1 Asec (with values for IL,
d XL , and t as in Table I).

Figure 3(b) shows the fluorescence signal (intensity vs time)
averaged over 1024 laser shots for sputtering of the Fe foil.
The one-shot SNR was —50/1. Figure 3(c) shows a similar
trace for LiNb03, with the net gain increased a factor of 512,
indicating an LIF signal down by a factor of 103 relative to
pure Fe. The data in Fig. 3(c) have been corrected for the
scattered light background by subtracting the signal obtained
with the Ar+ beam off from that with the beam on. No Fe
signal was detected during sputtering of either the Si sample
or the Al foil mask. In the absence of standard samples, a
quantitative determination of the absolute Fe content is dif-
ficult. Independent secondary-ion mass spectrometry
(SIMS) profiles of similar LiNb03 samples (R. J. Colton,
NRL) indicate a surface-iron signal which is 30-50 times

t
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greater than that of the bulk. The bulk-iron content (as -de-
termined by the supplier using spark-source mass spectrom-
etry) is P-10 ppm. Hence the magnitude of the LiNb0 3 Fe
LIF signal is indeed reasonable and is a factor of e-5 above the
present noise level. The signal was also seen to decrease with
prolonged sputtering.

The mechanism whereby zero-valent Fe atoms are removed
during sputtering of an ionic host (LiNb03) requires brief
comment. For clean metal surfaces, neutral species dominate
the sputtering yieldw; whereas, for oxidized surfaces, ejection
of ions is enhanced. However, for oxides of polyvalent metal
ions preferential removal of oxygen results in a partial re-
duction of surface metal ions. This is clearly observed in the
Nb 3d core-level x-ray photoemission spectrum" of LiNb03.
For the case of Fe203, it has been recently reported 15 that
Ark-ion bombardment yields a surface on which 52% of the
iron is Fe2+ and 21% Fe°. Thus we suggest that the reduction
of surface ions by the Ark beam can lead to ejection of neutrals
from the LiNb03 surface.

Even with the present detection limit, LIF shows promise
as a method to detect iron near the LiNb03 surface. Near-
surface iron is most significant since guided wave structures
take the form of the thin surface films a few microns deep.
The results in Fig. 3 indicate that the pure Fe LIF is -5 X 10 3
above the noise level. Hence the present detection limit for
Fe in a clean metallic host (neglecting any matrix effects on
the sputtering process) is estimated to be -200 ppm. There
are several obvious and rather minor improvements that will
appreciably increase sensitivity. The most important is a
better system of light baffles (including Brewster-angle en-
trance and exit windows), since the present scattered-light
signal (Ark beam off) is only a factor of -2 smaller than the
Ark beam-on signal for LiNb03. Subsequent work on stan-
dard samples will serve to quantify the detection limit.

We thank R. F. Greene for suggesting the possibility of these
experiments. We are grateful to C. H. Bulmer for providing

the LiNb03 samples and for helpful discussion. We also
thank R. J. Colton for helpful comments. Mark Hoffbauer
is an NRL-NRC Resident Research Associate.
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